Background and Purpose-The pathogenesis of venous intimal hyperplasia and venous outflow stenosis associated with cerebral arteriovenous malformation (AVM) draining veins is poorly understood. We sought to determine the relationship between maximum vein wall thickness and AVM flow. Methods-Patients who underwent AVM surgical resection and had flow measured before treatment using quantitative magnetic resonance angiography were retrospectively reviewed. Specimens were mounted on slides and stained with elastin special stain. Perinidal veins were identified, and maximum wall thickness was measured from digitized images. Relationship between maximum vein wall thickness and AVM flow was assessed. 
H emorrhage caused by the rupture of a cerebral arteriovenous malformation (AVM) is thought to represent venous bleeding because of an increased pressure on the venous side of the arteriovenous shunt. 1 Increased venous pressure may be elicited by a paucity of draining veins, deep venous drainage, and stenosis or occlusion of draining veins. [2] [3] [4] [5] Anatomic changes in draining veins characterized by venous stenosis, and their histopathologic correlate of intimal hyperplasia, have been described and are hypothesized to be hemodynamic in origin. [5] [6] [7] [8] [9] However, the relationship between AVM hemodynamics and venous anatomy and histopathology has not been directly studied. Here, we aimed to determine how vein wall thickness changes with AVM flow measured using quantitative magnetic resonance angiography.
Methods

Patient Selection
Following institutional review board approval, records of patients with cerebral AVMs evaluated at our institution between 2007 and 2014 were retrospectively reviewed. Patients were included if a specimen of the nidus was available and if flows were obtained before any treatment using quantitative magnetic resonance angiography.
Vein Wall Thickness Measurements
Surgical specimens of each nidus were mounted on slides and stained with hematoxylin and eosin and elastin special stain. Vessels were identified according to the features previously described. 10, 11 Specifically, normal perinidal arteries are characterized by continuous internal elastic lamina, intranidal vessels have interrupted internal elastic lamina, and perinidal veins have poorly developed elastic tissues. Perinidal vein wall thickness and intranidal vessel diameter were measured from digitized images of the slides using NDP software (NanoZoomer Digital Pathology; Hamamatsu Photonics K.K., Hamamatsu, Japan; Figure 1 ). Within each specimen, the wall thickness of all perinidal veins was measured, and then the maximum vein wall thickness was recorded.
Perinidal veins used to determine maximum vein wall thickness did not necessarily correspond to the draining vein seen angiographically. Presence of venous stenosis and ectasia was assessed from digital subtraction angiography. Venous stenosis was defined as ≥50% stenosis within a draining vein. 
Blood Flow Measurements
All patients in this study underwent quantitative flow measurements of the extracranial and intracranial arteries and veins using quantitative magnetic resonance angiography before any treatment of the AVM. This technique has been described and validated previously 
Flow per draining vein was calculated as follows:
Total AVM flow mL min number of draining veins
Flow per unit volume of AVM was calculated as follows:
Total AVM flow mL min AVM nidus volume mL
AVM nidus volume was approximated based on measurements from magnetic resonance imaging.
Statistical Analysis
Spearman correlation was used to assess the relationship between maximum vein wall thickness and hemodynamic parameters. Flows and maximum vein wall thickness were compared in patients with and without venous stenosis/ectasia using the Kruskal-Wallis test. Analyses were performed with SPSS (Version 24; IBM, Inc).
Results
Patient Characteristics
Twenty-eight patients (20 male, 8 female) were included. Clinical, anatomic, and hemodynamic characteristics of AVMs in our study cohort are summarized in Table.
Flow and Vein Wall Thickness
Spearman correlation revealed a statistically significant relationship between maximum vein wall thickness and total AVM flow (ρ=+0.51; P=0.006), AVM flow per draining vein (ρ=+0.41; P=0.03), and mean intranidal vessel diameter (ρ=+0.39; P=0.04; Figure 2 ). Among only unruptured cases, vein wall thickness was also significantly associated with total flow (ρ=+0.61; P=0.02). However, there was no statistically significant correlation between maximum vein wall thickness and flow per unit volume of AVM (ρ=+0.27; P=0.17).
Flow, Venous Stenosis, and Venous Ectasia
Total AVM flow, flow per draining vein, and maximum vein wall thickness were not significantly different in the presence 
Discussion
Because Nornes and Grip 1 observed that cerebral AVM vessels adapt their morphology to hemodynamic load, numerous studies have investigated the anatomic and histopathologic transformation of AVM vessels and speculated on its pathogenesis. For example, Viñuela et al 6 observed complete obliteration of the Galenic system in 10 deep-seated AVMs and hypothesized that high flow could produce endothelial damage and subsequent thrombosis. In addition, Massoud et al 9 found marked intimal hyperplasia in nidal vessels of a swine AVM model exposed to chronically high flows. Another similar animal study concluded that endothelial destruction with ongoing platelet activation attributable to turbulence may account for the histopathologic changes seen in highflow angiopathy. 8 Sundt and Sundt 10 also determined that subacute occlusion of vein bypass grafts occurred because of intimal hyperplasia related to local turbulence and platelet aggregation. However, to the authors' knowledge, there are no published studies that directly examine the relationship between AVM hemodynamics and draining vein anatomy and histopathology. Here, we assess how perinidal vein wall thickness changes with AVM flow measured using quantitative magnetic resonance angiography. Specifically, we report a statistically significant positive correlation between maximum vein wall thickness and total AVM flow (ρ=+0.51; P=0.006) and AVM flow per draining vein (ρ=+0.41; P=0.03). In other words, a 10% increase in total flow is associated with about a 5% increase in vein wall thickness (Figure 2) . Moreover, our findings corroborate the previously documented anecdotal evidence that pinpoints chronically high flow as 1 mechanism underlying the pathogenesis of AVM venous intimal hyperplasia and outflow stenosis, further demonstrating that hemodynamics can impact cerebral AVM vessels at the gross and microscopic levels.
Limitations of our study are its retrospective design and small sample size. Potential variability in the data reflects the fact that blood flow is a physiological parameter affected by age, heart rate, and blood pressure. The fact that vein wall thickness was not assessed within the same segment of the draining vein exhibiting venous stenosis or ectasia represents an inherent limitation of our study because the draining vein itself cannot be surgically resected and directly examined for intimal hyperplasia. This methodology does not affect the conclusion of this article that AVM flow is associated with venous intimal hyperplasia, but it impedes our ability to find a causal relationship between flow, intimal hyperplasia, and venous stenosis. Indeed, flows and maximum vein wall thickness were not significantly higher in the presence of venous stenosis. At the same time, only 8 AVMs in our cohort had venous stenosis, and so additional studies with larger sample sizes may be better powered to uncover this relationship. Interestingly, 75% of the AVMs with venous stenosis also exhibited venous ectasia, and flows and maximum vein wall thickness were significantly higher in the setting of venous ectasia. These results suggest that venous stenosis occurs by the same process that leads to venous intimal hyperplasia and ectasia and that AVMs with venous stenosis are a subgroup in which vessel remodeling cannot compensate for increased flow. In fact, this study is the first to link flow to venous intimal hyperplasia and intimal hyperplasia to venous stenosis. The therapeutic effects of AVM flow reduction, blood pressure management, and antiplatelet agents in minimizing turbulent flow and platelet activitythereby impeding the processes responsible for draining vein intimal hyperplasia and outflow obstruction-may be addressed by future studies.
Conclusions
Maximum vein wall thickness increases with higher total AVM flow and higher AVM flow per draining vein. This finding implicates chronically high AVM inflow in venous intimal hyperplasia. 
